Abstract. Hepatic ischemia-reperfusion (I-R) injury causes acute organ damage or dysfunction, and remains a problem for liver transplantation. In the I-R phase, the generation of reactive oxygen species aggravates the injury. In the current study, a novel selenocysteine-containing 7-mer peptide (H-Arg-Sec-Gly-Arg-Asn-Ala-Gln-OH) was constructed to imitate the active site of an antioxidant enzyme, glutathione peroxidase (GPX). The 7-mer peptide which has a lower molecular weight, and improved water-solubility, higher stability and improved cell membrane permeability compared with other GPX mimics. Its GPX activity reached 13 U/µmol, which was 13 times that of ebselen (a representative GPX mimic). The effect of this GPX mimic on I-R injury of the liver was assessed in rats. The 7-mer peptide significantly inhibited the increase in serum hepatic amino-transferases, tissue malondialdehyde, nitric oxide contents, myeloperoxidase activity and decrease of GPX activity compared with I-R tissue. Following treatment with the 7-mer peptide, the expression of B-cell CLL/lymphoma-2 (Bcl-2) was significantly upregulated at the mRNA and protein level compared with the I-R group, as determined by reverse transcription-polymerase chain reaction and immunohistochemistry, respectively. By contrast, Bcl-2 associated X protein (Bax) was downregulated by the 7-mer peptide compared the I-R group. Histological and ultrastructural changes of the rat liver tissue were also compared among the experimental groups.
Introduction
A period of ischemia is required for a number of surgical procedures on the liver, including when dealing with hepatic trauma, resecting large intrahepatic lesions and transplanting. Ischemia causes tissue damage, however the liver is subjected to a further insult when restoring the blood supply, which is termed ischemia-reperfusion (I-R) injury (1) . In the hepatic I-R period, several cellular function changes, including generation of reactive oxygen species (ROS), inflammatory cytokines and chemokines, may result in cell injury, triggering the apoptotic pathway and leading to organ damage or dysfunction (2) . As numerous studies have reported (3) (4) (5) that generation of ROS and oxidant stress are the most vital mechanisms in I-R injury, the ROS scavengers should be considered as therapeutic agents for hepatic I-R. Under normal conditions, endogenous antioxidants, including vitamins C and E, and the antioxidant enzymes superoxide dismutase (SOD), catalase and glutathione peroxidase (GPX) have the capacity to scavenge ROS products. However, in ischemic conditions, these defense mechanism fail to protect tissues from oxidative damage because of overproduction of oxygen radicals, inactivation of antioxidant enzymes and consumption of antioxidants in the ischemic tissue (6) . SOD (7), allopurinol (8) , and N-acetylcysteine (9) have all been previously demonstrated to attenuate hepatic I-R injury.
GPX is a mammalian selenium-containing antioxidant enzyme, which scavenges peroxides and H 2 O 2 using glutathione (GSH), and is associated with various ROS-mediated diseases (10) . Due to its poor stability, limited availability and difficulty in preparation, various artificial GPX mimics have been made as free radical scavengers, including ebselen (11) . Based on the structure of the active site in bovine GPX (12) , the present study constructed a novel selenocysteine-containing 7-mer peptide (H-Arg-Sec-Gly-Arg-Asn-Ala-Gln-OH), with GPX activity that reaches 13 U/µmol, which is 13 times that of ebselen. The 7-mer peptide is advantageous due to low molecular weight, improved cell membrane permeability, good water-solubility and stability compared with other previous GPX mimics. Encouraged by these advantages, the current study evaluated the effects of the 7-mer peptide on the liver damage induced by hepatic I-R injury using a rat model.
Materials and methods
Animals. All the animal experiments were performed using a protocol approved by the Animal Care and Research Committee of Heilongjiang University of Chinese Medicine (Harbin, China). Clean, healthy adult male Wistar rats, weighing 200-250 g, were obtained from the Laboratory Animal Center of Heilongjiang University of Chinese Medicine, provided with standard pellet food and tap water in individual cages with 12-h light/dark cycle at 22+2˚C.
Animal administration and induction of liver I-R model. Rats (n=48) were equally and randomly assigned into four experimental groups as follows: Sham operation group (control group, n=12), I-R group (physiological saline-treatment for 5 min prior to I-R, n=12), the 7-mer + I-R group (15 µmol/kg 7-mer peptide treatment for 5 min prior to I-R, n=12), the 7-mer peptide control group (15 µmol/kg 7-mer peptide treatment without I-R, n=12).
The model of partial hepatic I-R was performed using a published protocol (13) . All rats were fasted for 12 h preceding the operation but provided with access to drinking water. The rats were anesthetized with an intraperitoneal injection of 40 mg/kg pentobarbital sodium (8%; Sigma-Aldrich, St. Louis, MO, USA) and placed supinely on a heating pad (36-37˚C). At 5 min prior to occlusion, the 7-mer peptide (15 µmol/kg body weight) or physiological saline alone was intravenously injected into the tongue. A midline incision was made on the abdominal wall of the rats. The left portal vein and hepatic artery were occluded with a micro-clip for 60 min, then the clip was removed to initiate hepatic reperfusion. The sham control group underwent the same protocol without vascular occlusion. Occlusion was verified visually by the change in liver color to a paler shade and upon reperfusion to a blush. Rats were sacrificed by cervical dislocation under anesthesia (8% pentobarbital sodium) 2 h after reperfusion, blood samples and liver tissue (from the ischemic lobe) were taken for analysis.
Alanine aminotransferase (ALT; cat. no. C009-1), aspartate aminotransferase (ASTcat. no. C010-1), lactate dehydrogenase (LDH; cat. no. A020-1), myeloperoxidase (MPO; cat. no. A044), malondialdehyde (MDA cat. no. A003-1) and nitric oxide (NO; cat. no. A012) detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Rabbit anti-rat B-cell CLL/lymphoma-2 (Bcl-2; cat. no. ZA-0536) and Bcl-2 associated X protein (Bax; cat. no. ZA-0611) monoclonal antibodies were purchased from Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, China). All other chemicals used were of analytical or reagent grade.
GPX-like activity assay of the 7-mer peptide. The 7-mer peptide (H-Arg-Sec-Gly-Arg-Asn-Ala-Gln-OH) was synthesized by GL Biochem, Ltd. (Shanghai, China). The catalytic activity was determined by the method of Wilson (14) . The reaction was carried out at 37˚C in 700 µl reaction solution containing 50 mM pH 7.0 sodium phosphate buffer, 1 mM EDTA, 1 mM sodium azide, 1 mM GSH, 0.25 mM nicotinamide adenine dinucleotide phosphate (NADPH), 1 U of GSH reductase, 10-50 µM of the mimic. The reaction was initiated by addition of 0.5 mM H 2 O 2 or CuOOH. The activity was determined by the decrease of NADPH absorption at 340 nm using a Lambda 750 UV/Visable/Near Infrared spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA). Background absorption was run without mimic and was subtracted. The activity unit was defined as the amount of the mimic that utilized 1 µmol NADPH per min. The activity was expressed in U/µmol of the GPX mimic.
Blood chemistry assay. Following the reperfusion period, 5 ml blood was collected from the abdominal aorta. The blood sample was centrifuged at 1200 x g for 10 min at room temperature to separate serum for analysis. Liver injury was assessed by measuring the levels of ALT (a specific marker of hepatic parenchymal injury), AST (a nonspecific marker of hepatic injury) and LDH (a marker of nonspecific cellular injury) in the serum. ALT, AST and LDH were assayed using assay kits (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's instructions with a DG 8 standard biochemistry automatic analyzer (Nanjing Huadong Electronics Group Medical Equipment Co., Ltd., Nanjing, China).
MPO, MDA, NO assay. Liver tissue (~1 cm 3 ) was obtained 2 h after reperfusion. The samples were homogenized in 10 ml ice-cold physiological saline and centrifuged at 12,000 x g for 20 min at 4˚C to separate the supernatant, then liver MPO activity, MDA content, protein content and serum NO content were measured using assay kits (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's instructions.
GPX activity assay. GPX activity was determined using the method of Wilson (14) using the supernatant of tissue luminal content. The enzymatic reaction contained the following components: NADPH, reduced GSH and GSH reductase, and was initiated by addition of H 2 O 2 . The change in absorbance at 340 nm was monitored by a Lambda 750 UV-Visible-Near-Infrared spectrophotometer (PerkinElmer, Inc.). Activity was recorded as U/g protein in liver tissue.
Immunohistochemical assay. For immunohistochemical analysis, tissue samples were obtained 2 h after reperfusion, fixed in 4% paraformaldehyde for 30 min at room temperature and embedded in paraffin. Paraffin-embedded tissue sections (5 µm) were cut from each specimen and then immersed in xylene followed by rehydration in graded alcohol. The sections were washed with the phosphate-buffered saline (PBS) for 5 min, fixed in cold acetone for 10 min, washed with PBS 3x3 min and then incubated with 3% H 2 O 2 in distilled water for 5 min to quench any endogenous peroxidase activity and subsequently immersed in PBS for 5 min. The tissue sections were then blocked with normal goat serum (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 10 min and incubated at 37˚C for 2 h with monoclonal rabbit anti-rat Bcl-2 and Bax antibodies (diluted 1:200) at a concentration of 5 µg/ml, then washed with PBS 3 times for 3 min each time The expression of Bcl-2 and Bax proteins were detected by the labeled streptavidin biotin (LSAB) method using an LSAB kit (Abcam, Cambridge, UK) consisting of a blocking reagent, biotinylated link antibody and peroxidase-labeled streptavidin reagents. The peroxidase binding sites were detected using 3', 3'-diaminobenzidine and images were acquired using an IX-81 microscope (Olympus Corporation, Tokyo, Japan).
Reverse transcription-polymerase chain reaction (RT-PCR)
assay. The tissue samples taken from the rats were immediately frozen in liquid nitrogen and then stored at -80˚C until use. Total RNA was extracted from liver tissue by the acid guanidinium thiocyanate-phenol-chloroform method and concentration determined by UV spectrophotometer. RT was performed on RNA (1 µg) and cDNA amplified using One-Step RT-PCR kit (Takara Biotechnology Co., Ltd., Dalian, China) with the following conditions: 45˚C for 30 min; 94˚C for 5 min; 40 cycles at 94˚C for 30 sec, 55˚C for 30 sec, 72˚C for 2 min; and final step of 72˚C for 10 min. Primers used in the PCR reactions were as follows: Bcl-2, sense 5'-CCC CTT CAT CCA AGA ATG C-3', antisense 5'-TTC CAC AAA GGC ATC CCA G-3', producing a 623 bp product; Bax, sense 5'-CCA CCA GCT CTG AAC AGT TCA-3', antisense 5'-TGA GGA CTC CAG CCA CAA AG-3', producing a 506 bp product. The PCR reaction products were separated by electrophoresis on 0.8% agarose gel and stained with ethidium bromide. Digital images were assessed with image analysis software and mRNA expressions were evaluated by the band intensity ratios of Bcl-2 and Bax and presented as percentage of β-actin levels.
Histological analysis. Liver tissue samples were obtained following reperfusion and immediately fixed in 4% paraformaldehyde for 4 h. The samples were subsequently transferred into 70% ethanol then embedded in paraffin, sectioned (4 µm), and stained with hematoxylin (for 5 min) and eosin (for 3 min) for examination. The samples were imaged using an IX-81 microscope.
Electron microscopy analysis. Samples of small bowel tissue were obtained following reperfusion and immediately fixed in 2.5% glutaraldehyde at 4˚C until they were subsequently fixed in 1% osmic acid. The fixed tissue was dehydrated in graded alcohol, embedded in Epon 812 epoxy resin, and cut into 4 µm-thin sections using the LKB super-thin sectioning machine. The sections were stained with acetate double oxygenic uranium (30 min) and citrate lead (8 min) for examination under a JEM-1200 EX transmissive electron microscope.
Statistical analysis. All data are expressed as the mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance and post-hoc Student-Newman-Keuls test for multi-group comparisons with SPSS software (version 19.0; IBM SPSS, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Characterization of the designed 7-mer peptide. The key for GPX imitation is to generate high affinity for GSH. Based on the main amino residues in active site of the bovine GPX, the sequence of the 7-mer peptide was designed as follows: H-Arg-Sec-Gly-Arg-Asn-OH; this sequence increases Gly flexibility, Sec is the catalytic site of the 7-mer peptide, Arg and Asn form salt bridges and a hydrogen bond with the GSH molecule. Glutamine (Glu) is the most abundant amino acid in the plasma and is important for modulating inflammatory responses, oxidative stress and apoptosis (15) . It has previously been reported that Glu protected the gut, heart and skeletal muscle against I-R injury by preserving the GSH content in the tissues (16) . However, the limited solubility and poor stability hampered the application of Glu as a therapeutic for I-R injury. Aiming to solve this problem, alanine (Ala) was employed to enhance the stability and solubility of Glu in the form of alanyl-Glu dipeptide, which had previously been demonstrated to protect rats from hepatic I-R injury (17) . Thus, in the current study, Ala-Gln was added to the C-terminal of the peptide in order to improve the activity and stability of the 7-mer peptide.
GPX-like activity of the 7-mer peptide.
The activity of the 7-mer peptide-catalyzed reduction of H 2 O 2 by GSH is presented in Table I . The GPX activity of the 7-mer peptide was 13 U/µmol, which is ~13 times that of ebselen (0.99 U/µmol), a well-known GPX mimic.
Effect of the 7-mer peptide on liver injury. Liver injury was assessed by measuring serum levels of ALT, AST and LDH. Compared with sham-operated rats, the ALT ( Fig. 1; P<0 .01), AST ( Fig. 2; P<0 .01), LDH ( Fig. 3; P<0 .01) levels in serum were significantly increased in I-R liver, which demonstrated the development of hepatocellular injury. Whereas, for the I-R rats pretreated with the 7-mer peptide, no significant increase in ALT, AST and LDH levels were detected. In the 7-mer peptide only group, no significant effect on ALT, AST and LDH serum levels was detected, indicating that the 7-mer peptide exerts no I-R injury to the rats.
Effect of the 7-mer peptide on hepatic neutrophil recruitment.
MPO activities in liver tissues were analyzed as the index of hepatic neutrophil recruitment. A unit of MPO activity is defined as that which degrades 1 µmol H 2 O 2 /min at 25˚C. In the I-R group, I-R caused a significantly increased the MPO activity in the liver compared with sham control (P<0.01). This increase of MPO activity following reperfusion in the I-R group was significantly inhibited by pretreatment of the liver tissues with the 7-mer peptide (P<0.01; Fig. 4) .
Inhibition of lipid peroxidation by the 7-mer peptide.
MDA is the final product of lipid peroxidation, liver tissues were assayed for MDA content as a marker of hepatic oxidative stress. Hepatic I-R injury significantly increased the MDA content in the liver compared with the sham control group (P<0.01). The I-R-induced increase in MDA level was significantly prevented by the 7-mer peptide treatment (P<0.01; Fig. 5 ).
Reduction of NO content by the 7-mer peptide.
NO is a potent vasodilator that reacts with superoxide to form the oxidant peroxynitrite, which is considered to be a strong cytotoxic agent. In the current study, NO content was significantly increased in the hepatic I-R injury group compared with the sham control group (P<0.01), and the 7-mer peptide treatment inhibited the increase in NO level caused by I-R (P<0.01; Fig. 6 ).
Effect of the 7-mer peptide on liver GPX activity. GPX, an endogenous antioxidant enzyme, usually limits damage caused by oxygen derived free radicals, however its level falls in response to increased free radicals. Following the 2-h reperfusion period in the present study a significant decrease in GPX activity was observed in the I-R group compared with the sham control group (P<0.01), whereas the decrease of GPX activity in the I-R group was inhibited by the 7-mer peptide treatment (P<0.01; Fig. 7) .
Inhibition of the expression levels of Bcl-2 and Bax by the 7-mer peptide.
The protein expression levels of Bcl-2 and Bax protein in the liver following I-R were evaluated by immunohistochemical analysis. In the I-R group, there was weak expression of Bcl-2 protein (Fig. 8) . By contrast, strong immunoreactivity for Bax expression was observed in the I-R group 2 h after reperfusion compared with the sham control group (Fig. 9 ). In the 7-mer peptide + I-R group, the expression of Bcl-2 was significantly upregulated compared with the I-R group (P<0.01), and Bax overexpression was significantly suppressed (P<0.01; Fig. 10 ).
Inhibition of hepatic mRNA expression levels of Bcl-2 and Bax by the 7-mer peptide.
To determine the mRNA expression levels of the apoptosis regulatory genes, mRNA transcript levels for Bcl-2 and Bax were assessed by RT-PCR. The band intensity ratios of Bcl-2 and Bax normalized to β-actin were compared among the sham, I-R and the 7-mer peptide-treated groups. As demonstrated in Fig. 11 , hepatic I-R significantly increased the mRNA expression of Bax compared with sham control (P<0.01), with the expression of Bcl-2 decreased (P<0.05). Administration of the 7-mer peptide significantly enhanced the Bcl-2 mRNA expression compared with the I-R group (P<0.01) and suppressed hepatic I-R-induced mRNA overexpression of Bax (P<0.01; Fig. 11 ).
Histological changes. Following 2-h reperfusion, severe swelling induced by hepatic I-R injury was observed along with abundant fatty and vacuolation degeneration in hepatocytes compared with the sham control group. The hepatic sinus compartment became narrow or disappeared. Hemorrhage and even derangement of cell constitution were also observed. In the 7-mer peptide-treated I-R group, these changes were reduced and the hepatic cellular structure remained clear (Fig. 12) .
Ultrastructural changes of organelles in cytoplasm.
The ultrastructural changes to the organelles in the cytoplasm were observed by electron microscopy among the experimental groups. As demonstrated in Fig. 13 , in the I-R injury group, the rough endoplasmic reticulum was dilated in the majority of cells. Additionally, the clearance of dying cells was increased and the mitochondria in the hepatic cytoplasm were severely swollen. The nuclei were irregular in the I-R injury group, the nucleoli were visible and agglomeration of heterochromatin was also observed. The structure of organelles was not clear at 2 h after reperfusion compared with the sham and 7-mer peptide only groups. In the 7-mer peptide-treated I-R group, all of the described changes were observably reduced (Fig. 13) .
Discussion
Liver ischemia during arterial occlusion, shock or organ transplantation is a common cause of hepatocyte death and liver failure. The ischemic cells manifest distinct biochemical, structural and functional alterations that finally lead to injury (18) . The are numerous mediators involved in the pathogenesis of hepatic I-R injury. Among them, ROS and cell apoptosis are central to this process (19, 20) .
Previous evidence has supported that ROS are produced at the moment of reperfusion initiation following hepatic ischemia, and free radicals are involved in the mechanism of hepatic graft failure during reperfusion in rats (21) . Additionally, oxidative stress is also demonstrated to be sustained for a long time following clinical liver transplantation (22) . Thus, reduction of hepatic oxidative stress, including via pretreatment with ROS-scavengers, may effectively protect liver against I-R injury and transplant failure.
A novel selenocysteine-containing 7-mer peptide was constructed in the present study to imitate GPX, an important antioxidant enzyme, which is an oxygen radical scavenger and has the capacity to protect cells against oxidative damage. This study aimed to investigate whether the 7-mer peptide may exert a protective effect and by consequence be a potential pharmacological agent for hepatic I-R injury, which has previously been characterized as a complex process encompassing a number of mechanisms, including oxidant stress and apoptosis. The results of the present MPO is an enzyme expressed in leukocytes. Tissue MPO levels may indicate leukocyte infiltration into liver tissue following I-R (23). According to the findings of the present study, the 7-mer peptide inhibited the elevation of MPO activity following reperfusion and consequently protected against hepatic injury (Fig. 4) . Additionally, lipid peroxidation was monitored by measuring MDA level, which represent from free radical damage to membrane components of the cells (24) . Treatment with the 7-mer peptide significantly attenuated the increase of MDA concentration in the tissue (Fig. 5) , the effect may be due to its capacity to eliminate ROS. The increase of superoxide and NO contents has been previously demonstrated lead to peroxynitrite-induced injury, and the increased NO production that occurs during reperfusion by an increase in inducible NO synthase activity promotes lipid peroxidation and cell damage (25) . The current study indicated the marked elevation in NO level in the hepatic I-R injury was significantly attenuated by the 7-mer peptide (Fig. 6 ). This effect on NO generation in the liver tissue of I-R group supported that generation of NO may be caused by free radicals under oxidative stress. The 7-mer peptide, as a novel GPX mimic, protected the liver from the depletion of GPX activity (Fig. 7) .
Oxygen-radical-induced apoptosis has also been previously reported to be involved in I-R injury and regarded as a central mechanism of injury during hepatic I-R. A number of genes regulate the apoptotic process. The family of Bcl-2-associated proteins are involved in the regulation of apoptosis. Bcl-2, an anti-apoptotic protein, is known to prevent increased mitochondrial permeability, release of cytochrome c and various caspases. As a member of the Bcl-2-associated protein family, Bcl-2 promotes cell survival through interactions with other Bcl-2 protein family members (26) . Previous studies have indicated that over-expression of Bcl-2 protein reduced hepatocellular apoptosis following reperfusion and protected against hepatic I-R injury (27, 28) . Bax, another member of the Bcl-2-associated protein family, forms homodimers to accelerate cell death or heterodimers with Bcl-2 to inhibit cell death. Changes in the ratio of Bcl-2 and Bax expression determine cell survival or death following apoptotic stimuli (29) (30) (31) .
The present study examined cell apoptosis via RT-PCR and immunohistochemistry. According to the results, Bcl-2 was not observed to be overexpressed in the I-R group compared with the control, however the Bcl-2 mRNA and protein expression levels were increased in the 7-mer peptide-treated I-R group. By contrast, overexpression of Bax in rat liver was observed 2 h after reperfusion in the I-R group, and the 7-mer peptide pretreatment returned Bax to normal levels, indicating that the 7-mer peptide protected against hepatic I-R injury by upregulation of Bcl-2 and downregulation of Bax to inhibit I-R-induced apoptosis.
In summary, the present study constructed a novel GPX mimic and demonstrated the protective effect of the 7-mer peptide on hepatic I-R injury. Its protective mechanisms may be attributed to its free radical scavenging capacity and antioxidative activity by reducing the production of ROS and increasing the activity of GPX. The 7-mer peptide also exhibited antiapoptotic activity by regulating the expression of apoptotic genes associated with hepatic I-R. These results suggest that the 7-mer peptide could potentially be used for protecting the liver against hepatic I-R injury. The 7-mer peptide may be a potent antioxidant for use in pharmacological investigation. 
